Cardiovascular structure and function were studied in the African lungfish, Protopterus aethiopicus, by a combination of anatomical and physiological techniques. Particular emphasis was placed on mechanisms which operate under natural conditions in which air-breathing alternates with waterbreathing. For such studies, awake, unrestrained fish were used after implanting devices for measuring blood pressure and flow. The results indicated that, despite ample anatomical opportunity for intracardiac mixing of the oxygenated and deoxygenated streams, in life the two streams were remarkably well separated. Also, using simultaneous pressure records from the consecutive cardiac chambers, the role of the pericardium in promoting venous return to the heart was clarified. On the basis of these observations, a hypothesis was formulated concerning the mechanisms by which the circulation is adjusted to the life habits of the lungfish, not only under its natural conditions as a water-and air-breather, but also during forced submersion and estivation.
Preliminary to the physiological measurements, the heart and large vessels in 12 large fish were carefully dissected using conventional anatomical techniques. One heart was sectioned serially after fixation in 4% formaldehyde; alternate sections were stained with hematoxylin-eosin and Weigert-Van Gieson stains. Anatomical casts of the heart chambers and gill arches were made by injecting a plastic casting material (Batson's corrosion compound, Polysciences, Rydal, Pa.) into the vena cava and bulbus and by subsequently macerating the tissue with 20N potassium hydroxide for 24 to 72 hours. In two fish, selective angiograms were obtained using Angio-conray diluted to 3:1 in saline and injected as a bolus of 2 to 4 ml into a branch of the pulmonary vein and into a branch of the vena cava. Cineangiograms were recorded using a 16-mm Kodak camera at a rate of 60 frames/sec; x-ray pictures were obtained with an Elema Seriograph at a rate of 2/sec for 12-second periods. During the angiographic procedures, the fish were anesthetized and handled as described in the sections that follow.
PHYSIOLOGICAL STUDIES
A. Acute Experiments: Blood Pressures and Flows.-Measurements of blood pressure in the consecutive cardiac chambers and in large vessels were obtained in 14 fish weighing between 300 g and 3 kg, anesthetized by immersion in a 1% solution of tricaine methanesulfonate (MS 222) in tap water, for 10 to 15 minutes. After anesthesia, the fish were removed from the water and wrapped in moist towels, and their gills were bathed in fresh tap water at room temperature using retrograde perfusion of the gill chambers via the opercula; after an hour or two of anesthesia, small amounts (20 to 100 ml) of a 1% solution of MS 222 were occasionally added to the water perfusing the gill chambers to maintain a stable level of anesthesia. The fish were easily maintained under these circumstances for several hours with levels of systemic blood pressure and heart rates indistinguishable from those in the unanesthetized state. The heart and great vessels were exposed by a ventral incision and the pericardium was disconnected from its attachments to the body musculature.
To obtain blood pressures from the relatively inaccessible sinus venosus and atrium, short segments of polyethylene tubing, ranging from .023 inches to .034 inches i.d. and 10 to 15 cm long, were advanced through their main tributaries, i.e., via a small hepatic branch of the vena cava into the sinus venosus and right side of the atrium, and via a branch of the pulmonary vein into the left side of the atrial chamber. The ventricle, the bulbus, and the pericardial space were punctured directly with 20-gauge needles. Statham strain gauges (P23Db) were connected to the needles and tubing to record blood pressure. The frequency response of the manometric systems was tested with a sinusoidal pressure generator (2) and found to be linear to at least 9 cps, which would allow accurate recording of pressures well above the tenth harmonic of the highest fundamental frequencies encountered in the present study. The hydrostatic level of reference for the pressure measurements was taken to be the midway between dorsal and ventral sides of the fish. The electrocardiogram was used as a reference for timing the sequence of pressure events; for recording a pair of steel electrodes was placed directly into the ventral surface of the pericardium.
Instantaneous blood flow in the vena cava was measured in five large fish, and in the pulmonary vein in one, using a gated, sine-wave electromagnetic flowmeter and cuff-type transducers (Biotronex, Silver Spring, Md.), 6 mm i.d. The
FIGURE 1
Anterior view of the heart of Protopterus. The pericardium has been excised to expose the various chambers. The cross-section of the pericardium is visible along the border of the left ventricle. BA = bulbus, proximal limb; BT = bulbus, transverse limb; BD = bulbus, distal limb; RA = right atrium; LA = left atrium; RV = right ventricle; LV =: left ventricle; P = small fragment of pericardium. frequency response of the flowmeter was limited electronically to 20 cps. In another fish, a cannulating transducer, 7 mm i.d., was placed in the vena cava in series with the cuff-type transducer. Zero flow level was established by occluding the vessel proximally with a snare. Because of the unavailability of large volumes of lungfish blood, the flow transducers were calibrated in vitro using continuous flows of Ringer's solution through segments of the vena cava mounted with the transducer in situ. The transducers gave a linear output over the range of flows encountered in the present experiments. It is unlikely that calibration with Ringer's solution introduced an error greater than 15% in the measurement of flow (3) . Simultaneous records of pressure and flow were obtained by a multichannel oscilloscopic recorded (Electronics for Medi activity, blood samples were drawn simultaneously from all six catheters while the fish were resting quietly under water, approximately at the midway between two consecutive air breaths, which occurred approximately every 5 minutes. The samples were analyzed immediately at 25°C for pH, Pco 2 and Po 2 by using appropriate microelectrodes (Radiometer). C. Near-Natural State: Implanted Pressure and Flow Devices.-In four additional fish, a catheter was implanted surgically, under MS 222 anesthesia, in the celiac artery; flow transducers and inflatable, cuff-type vascular occluders (In Vivo-Metric Systems) were also placed around the aorta and left pulmonary artery downstream from the flow transducers. Blood pressures and flows were recorded two to seven days after implantation while the unanesthetized fish were living naturally in their tanks, mainly resting quietly at the bottom but surfacing regularly to breathe air.
Results

ANATOMICAL STUDIES
The following anatomical observations are particularly relevant to the physiological measurements that follow. The heart is surrounded by a thick, rigid pericardium which is bound to the fascia covering the body musculature in its ventral and lateral aspects ( Fig. 1) . The systemic venous return empties into the single, thin-walled sinus venosus. The single pulmonary vein traverses the pericardial space within a fibrous fold and empties directly into the left side of the atrium. The fold originates from the wall of the sinus venosus and continues on as the pulmonary fold which inserts into the atrioventricular plug, thereby partially dividing the atrial chamber. The ventricle is thick-walled and spongelike. A muscular septum divides its lumen caudally and attaches cranially to the atrioventricular plug; at the cranial end .there is a communication between the two sides of the ventricle. The ventricle empties slightly to the right of the midline, into the bulbus (Fig.  2) . The bulbus is subdivided into two channels by a single ridge in its proximal portion and by two ridges in its transverse and distal portions. The bulbus is not uniform in structure. The proximal bulbus consists of a circular arrangement of a compact layer of Circulation Research, Vol. XXV, July 1969 muscle cells with distinct striations, covered internally by an endothelial layer, beneath which lies collagen and elastic fibers. In the transverse and distal segments of the bulbus, smooth muscle is sparse. The wall consists of a thick intima, a "media" consisting of an inner layer of concentric elastic fibers, throughout which the smooth muscle cells are interspersed, and an outer layer of smooth muscle cells and a thick adventitia. Accordingly, the proximal bulbus appears to be an extension of the ventricular chamber, whereas the transverse and distal portions resemble the large elastic arteries of higher vertebrates ( Figs. 1  and 3 ).
The branchial arteries emerge directly from the distal end of the bulbus in two pairs, one pair from each channel. Corrosion casts of the bulbus revealed that only the branchial arches which arose from the dorsal channel of the bulbus (arches IV-VI) contain gill filaments; in contrast, the branchial arches which arise from the ventral channel (arches II, III) are either devoid of gill filaments or else have small, vestigial ones (arch I, which springs from arch II and is homologous to the pseudobranch of the elasmobranch and ganoid fishes). The efferent vessels from arches II and III, which are not lamellated, converge medially to form the aorta, whereas the efferent vessels from gill arches with ample filaments (arches IV-VI) formed a pair of pulmonary arteries; by the latter arrangement, the gill-containing arches and the pulmonary arteries are in series (1) . Arch I originates the circulation to the brain. The aorta communicates with both pulmonary arteries by two large ducti (Fig. 4) .
The coronary arteries originate from the third arch ( Fig. 5A ) and end in the ventricles at the level of the bulbo-ventricular junction by way of arterio-luminal anastomoses ( Fig.  5B ). Their origin, course, and distribution correspond to that described by Foxon for dipnoan fishes (4); the direct ending of these vessels in the ventricles has not been described previously.
Separation of Blood Streams.-In the angiograms obtained after injections of contrast material into the pulmonary vein, ventricular contraction ejected the opaque medium predominantly into the ventral channel of the bulbus, and the first three gill arches and its branches became visible. Subsequently, the SZIDON, LAHIRI, LEV, FISHMAN aorta was opacified faintly (Fig. 6A ). Conversely, after injection into the vena cava, the dorsal channel of the bulbus was more opaque and gill arches IV through VI and their gill filaments became visible. There was also some faint opacification of the first three gill arches. Both the aorta and pulmonary artery were subsequently filled by contrast material (Fig.  6B ). It thus appeared that, under the conditions of the experiment, blood returning to the heart from the lungs was ejected predominantly into the first three gill arches and distributed to the vessels of the head and heart, whereas blood returning from the vena cava was ejected predominantly into the arches with ample gill filaments and subsequently filled both the pulmonary arteries and aorta.
The "ductus" of the lungfish. A photograph of a section of a corrosion cast of the gill arches obtained by injection of the bulbus shows a wide communication between the origins of the pulmonary artery and the aorta (ductus).
Separation of blood streams in the heart was also tested in one small (200 g) fish by injecting 0.25 ml of India ink into a branch of the vena cava. Two heart beats later, liquid propane was poured over the heart to freeze it rapidly. Serial histological sections revealed carbon particles only in the dorsal channel of the bulbus (Fig. 7) .
Finally, the degree of separation of oxygenated from deoxygenated streams within the heart was tested by blood gas analyses in samples drawn simultaneously from unanesthetized fish (see Methods) ( Fig. 8 ). The composition of blood in the pulmonary vein was similar to that of blood obtained from gill arch II (the pulmonary venous Po 2 was slightly higher and Pco 2 was slightly lower than arch II). Conversely, the composition of blood in the vena cava approximated the composition of blood drawn from afferent gill arch IV (vena caval blood had a lower Po 2 and a slightly higher Pco 2 ). The differences between the gaseous compositions of afferent blood drawn from arches II and IV indicate that even though the two streams are separated within the heart, the separation is not quite complete. Also, once the blood leaves the heart, there is additional mixing in the area of confluence of the efferent gill vessels, the ductus, and the origin of the aorta and the pulmonary artery as indicated by the composition of blood in the aorta and pulmonary arteries. Nonetheless, in general, the more oxygenated blood stream is directed to the aorta and the less oxygenated stream is directed to the lung.
PHYSIOLOGICAL STUDIES
Sequence of Electrical Events.-The electrocardiogram recorded directly from leads implanted into the pericardial surface revealed three distinct electrical events ( Fig. 9 ). Simultaneously recorded action potentials from the surface of the consecutive cardiac chambers by Arbel and Liberthson in our laboratory (unpublished observations) estab-Circulation Research, Vol. XXV, July 1969 lished that these events were the result of consecutive depolarization of the sinus venosus, atrium, and ventricle. At heart rates of 20 to 30 beats/ min, the depolarization of the sinus venosus preceded the ventricular complex (QRS) by 0.8 to 2.3 seconds; the corresponding intervals between atrial depolarization and the start of the QRS ranged from 0.45 to 1 second. Occasionally, at more rapid heart rates, the electrical activity associated with depolarization of the sinus coincided with the wave of repolarization of the ventricle (T-wave) of the preceding cycle.
Pressures in Ventricle, Bulbus and Aorta. -Mechanical events in the ventricle began about 0.25 seconds after the beginning of the QRS complex. Figure 9A illustrates simultaneous records of blood pressure in the ventricle, in the bulbus, and in the aorta. The pressure in the ventricle rose by at least two distinct rates. The initial rate, more rapid, lasted from the onset of systole to the beginning of the pressure rise in the bulbus, corresponding, therefore, to a period of isovolumic contraction; the duration of this period was of the order of 0.1 seconds. After pressure began to increase in the bulbus, the rate of increase in ventricular pressure slowed; after it reached its peak, ventricular pressure fell gradually until it became less than in the bulbus: the ejection period lasted about 0.8 seconds. Ventricular systole regularly occupied between one-half and two-thirds of the cardiac cycle.
The pressure pulses in the bulbus and in the aorta (at the level of emergence of the celiac artery) had the same contour. There was no evidence to indicate that the bulbus contracts in Protopterus as it does in elasmobranchs and in amphibians (5) (6) (7) . Such a contraction would be manifested by a peak systolic Circulation Research, Vol. XXV, July 1969 pressure in the bulbus that could exceed the pressure in the ventricle, and by an approximate doubling of the duration of ventricular systole (8) . The evidence in the present study, from ventricular and bulbus pressure pulses, that the bulbus does not contract in Protopterus is consistent with our observations on pericardial pressures which are considered in a subsequent section and suggest that no Representative pressure recordings obtained simultaneously in the ventricle (P v ) and sinus venosus (P s--) in relation to the ECG.
appreciable quantity of blood is propelled from the heart once ventricular ejection is finished.
Pressures in Atrium and. Sinus Venosus.-The onset of mechanical events in the atrium followed atrial depolarization by about 0.2 seconds. Mechanical atrial systole preceded mechanical ventricular systole by about 0.9 seconds. This interval varied considerably with heart rate. Atrial systole was characterized by a distinct and relatively large increase of pressure ( Fig. 10 ) which occupied from one-half to two-thirds of the diastolic period. During ventricular systole, the shape of the atrial pressure curve reflected the changes in intrapericardial pressure as described below. There was no evidence of regurgitation at the atrioventricular level. At the time of the systole of the sinus venosus, the pressure in the atrium rose slightly, possibly as a result of atrial filling.
In general, the pressure pulse in the sinus venosus was similar in shape to the atrial pulse, except for a discrete elevation of pressure in the sinus venosus at the time of s'nus venosus systole (Fig. 11 ). The systole of the sinus venosus usually occurred during the preceding ventricular systole, approximately at the end of the ejection period. During atrial systole the pressure in the sinus venosus tended to fall; i.e., there was no evidence of regurgitation at the sinoatrial level. During ventricular contraction, the pressure contour in the sinus venosus was dominated by the events of the pericardial pressure contour.
Pericardium and Vena Cava.-The mean pericardial pressure was subatmospheric (range -1 to -4 mm Hg) in all lungfish when referred to the hydrostatic level midway between the dorsal and ventral sides of the fish. Since this level corresponded very closely to the actual site of the heart, the level of intrapericardial pressure was truly subatmospheric. Ventricular systole produced a sustained decrease in pericardial pressure which reached its nadir at the peak of ventricular pressure (Fig. 12 ). In some records, a small transient pressure was associated with the isovolumic contraction of the ventricle; this could represent an inertial artifact, since it was not consistently present.
Since the pericardial chamber is very rigid in the lungfish, the pericardial pressure tracing probably closely parallels the changes in blood volume in the heart, as a cardiometer. Thus, the pressure in the pericardium falls rapidly during the ventricular ejection period and returns gradually to the diastolic level as Simultaneous pressure recordings in the pulmonary artery (P AItT ), ventricle (P v ) and pericardium (P r> ). Simultaneous records of pressure (P IVC ) and flow (Q IVC ) in the vena cava, in conjunction with the ECG.
filling of the sinus venosus and atrium proceeds at a slower rate. It should be noted that the coincidence of the peak ventricular pressure with the nadir of pericardial pressure in the lungfish is analogous to the behavior of the mammalian ventricular volume curve (9) but differs from that of the pericardial pressure curve of the elasmobranch (Mustelus canis) (5) , in which the nadir of pericardial pressure occurs after the peak of ventricular systole, coinciding with the systole of the bulbus. i The mean pressure in the vena cava was regularly higher than atmospheric. In contour, it was similar to that of the pericardial pressure pulse (Fig. 13 ), i.e., with an initial rapid, and then a sustained, drop in pressure at the time of ventricular systole. Direct inspection of the vena cava while the heart was beating in situ showed that the caliber of the vessel diminished considerably during each ventricular systole. This feature made it extremely difficult to record accurately the pattern of vena cava flow with cuff-type transducers, since the vessel wall withdrew flow occurred in the vena cava at the time of ventricular systole and of the decrease in pericardial pressure. This observation was confirmed in one fish (Fig. 13 ) using a cannulating type of transducer in series with the vena cava so that the flow records could be assessed quantitatively. The results are also consistent with those of Johansen et al., who used a Doppler ultrasonic flowmeter (10) . However, the Doppler flowmeter provides velocity patterns which are not readily translated into quantitative values for blood flow when the radius of the vessel is changing, as is the case for the vena cava of Protopterus, during the cardiac cycle. The pattern of blood flow that we recorded from the pulmonary vein was the same as that in the vena cava.
Hemodynamic Sequence.-From the pressure pulses and flow pulses described above, it is possible to reconstruct the sequence of mechanical events, as shown in Figure 14 . This sequence allows certain generalizations: (1) Despite the lack of conventional valves, forward flow of blood is well maintained in the consecutive cardiac chambers; i.e., there is no evidence of insufficiency of the vena cavasinus venosus, sinus venosus-atrial junctions or of the atrioventricular junctions. (2) The work done by the ventricle in the lungfish is the major determinant of both venous return and forward flow; the bulbus has a Windkessel-like function and does not contribute to forward flow of blood by active contraction.
(3) The sinus venosus probably serves to store the venous return during ventricular ejection. (4) Atrial systole probably contributes considerably to ventricular filling, since ventricular diastole occupies only about one-half to one-third of the cardiac cycle in the lungfish.
It is relevant to note that our inability to display an active contraction of the bulbus in Protopterus contrasts sharply with the results obtained by Johansen et al. (10) in the Australian lungfish, Neoceratodus. Unfortunately, histological studies of the bulbus on Neoceratodus are not available for comparison with that shown in Figure 4 for Protopterus, which suggests that, except for a short proximal segment, the bulbus of Protopterus is not built for contraction; i.e., it has an abundance of elastic fibers and a paucity of smooth muscle. This difference between Neoceratodus and Protopterus may have phylogenetic significance since Neoceratodus is more fishlike than Protopterus. But any interpreta-tion of this difference in phylogenetic terms would, at present, be speculative.
Observations in the Near-Natural State.-The above observations were made in anesthetized lungfish. The average heart rate in four unanesthetized lungfish resting quietly in a large tub was 30 beats/min (range 21 to 36). The mean systemic arterial pressure, recorded from the celiac artery, averaged 29 mm Hg (range 25 to 31), varying by only a few mm Hg from day to day, apparently with the slight amount of activity that the resting fish performed. The dorsal aortic blood flow was pulsatile and usually continuous, falling to zero only at very slow heart rates. In contour, the flow tracing resembled that of the arterial pressure pulse (Fig. 15 ). The mean dorsal aortic flow in two fish averaged 34 ml/min (range 20 to 48). The pulmonary arterial flow pulse, recorded from the left pulmonaryartery, was similar in contour to that of the systemic arterial flow pulse. The mean flow through the left pulmonary artery averaged 18 ml/min (range 7 to 33). In two fish, pulmonary blood flow was recorded continuously during the transition from gill to air breathing. These two fish took spontaneous air breaths very infrequently, but, as in all fish that we had the opportunity to study, mild stimulation, such as agitation of the water in the proximity of the fish or touching its body, would result in immediate surfacing and an air breath. The pulmonary blood flow in these two fish was intermittent. As Johansen et al. have also found recently (10), pulmonary blood flow showed wide oscillations with airbreathing: when the fish were resting motionless at the bottom of the tank, pulmonary blood flow gradually ceased (Fig. 15 ). After completing an "induced" air breath, pulmonary blood flow increased abruptly as the fish started to settle back slowly into the water, increasing from zero to a peak value which was reached about 1 minute after the fish had returned to the bottom; during the next 2 to 5 minutes, the flow declined gradually to zero.
Discussion
The African lungfish relies heavily on its Circulation Research, Vol. XXV, July 1969 lungs for breathing. Indeed, when it is kept submerged so that it can breathe only with its gills, it either barely survives or dies (11) . During estivation, it lives by its lungs alone, since the gills become functionless out of water. For the lungs to function effectively, especially in a fish which retains the ability to use its gills, reordering of the conventional piscine circulation must occur so that separation of the oxygen-rich from the oxygen-poor blood may occur, and depending on the circumstances, blood may be directed either to the gills or to the lungs for oxygenation.
With some exceptions, previous observations on the African lungfish have, been anatomical (12, 13) . In the present study, anatomy was considered only as related to the physiological functions which were directly measured. The results are relevant to three aspects of the fish heart and circulation: (1) the anatomical and physiological features involved in maintaining an adequate systemic venous return, (2) the separation of oxygenated from deoxygenated streams within the heart so that oxygenated blood will go where needed for metabolism, whereas venous blood will go to the gills, lungs, or both, for gas exchange, and (3) the predominant distribution of blood from the heart to the peripheral tissues and organs, to the vessels of the head, or to the lungs, according to the situation in which the fish finds itself, i.e., submerged with ready access to air as in Lake Victoria, during estivation, and during forced submersion.
Systemic Venous Return.-Several features of the lungfish heart are distinctly piscine. For example, a sinus venosus is present, apparently as a blood reservoir for the atrium. The present study has indicated that the sinus venosus contracts actively to fill the atrium. In this respect, the role of the sinus venosus is similar to that in elasmobranchs, amphibians, and snakes (5, 8, 14) .
In addition, the pericardium is extremely rigid and bound to adjacent supporting structures, as in elasmobranchs and other fishes, thereby promoting venous return to the heart as each ventricular contraction and ejection decreases pressure within the pericar-dial sac. In the present study, it was shown that mean pericardial pressure was consistently less than atmospheric and that substantial decreases occurred during ventricular systole. In this way, ventricular systole in the lungfish not only ejects blood but also promotes the return of deoxygenated systemic venous blood to the heart and oxygenated blood from the lungs. In essence, the energy of contraction is used not only to eject blood but also to aspirate it. That aspiration actually occurred was shown by the decrease in the caliber of the vena cava during ventricular systole, by the demonstration that a surge of flow occurred in the vena cava during ventricular systole, and by the decrease in pericardial pressure during ventricular systole. That the decrease in pericardial pressure was related primarily to ventricular action and not to the pull of surrounding structures on the pericardium as suggested by Johansen (8) was shown by the fact that the decrease in pericardial pressure still occurred during each ventricular beat even though we dissected away the muscular attachments of the pericardium. The action of the rigid pericardium in the lungfish as a "primordial chest" is of particular advantage in a species in which systemic arterial pressure (and, presumably, the vis a tergo) is small, and there is no thoracic cavity with subatmospheric pressure to promote venous return to the heart.
In the lungfish, as in other lower vertebrates, ventricular systole normally occupies a larger portion (one-half to two-thirds) of the cardiac cycle. Because of the shorter duration of ventricular diastole, the atrium probably plays a more important role in filling the ventricle of the lungfish than it does in the mammalian heart. In the present study, both the electrocardiogram and ventricular pressure curves showed that the time for filling the ventricle is brief and that a vigorous atrial contraction preceded each ventricular systole.
Separation of Venous from Oxygenated Blood within the Heart.-In the present study, three lines of direct evidence supported the earlier predictions of others based on anatomical studies of the lungfish heart (12) that the oxygenated and deoxygenated streams are kept well separated as blood flows through the heart. Thus, rapid fixation after the injection of India ink into the vena cava showed that the carbon particles were confined to one side of the outflow tract of the heart. Also, cineangiography indicated that the two streams were predominantly, though not entirely, separate. Finally, in accord with the observations of Johansen et al. (10) , comparison of the gas composition of blood sampled proximally and distally to the sites of possible mixing revealed that in spite of anatomical opportunity for communication, the streams of oxygenated and nonoxygenated blood are kept quite separate. However, recent angiograms by Johansen (15) , as well as experiences in our own laboratory, indicate that, under certain experimental conditions, more mixing may occur. In general, the closer that the experimental conditions reproduce natural conditions for Protopterus, the more separate do the oxygenated and deoxygenated streams seem to be.
Several anatomical mechanisms are probably involved in this almost-complete separation of the two streams: (a) the pulmonary vein empties directly into the left side of the atrium, bypassing the sinus venosus; (b) the atrium is partially septate, divided by the fold of the pulmonary vein; (c) the ventricle is almost completely septate; (d) the spongelike ventricular myocardium surrounding a small central cavity is similar to that of the amphibians (Amphiuma tridactylum) (6) and the elasmobranch (Squalus maximus) heart (5). Johansen has suggested (6) on the basis of cineangiography of the amphibian heart, which has no septum, that this spongelike structure prevents mixing of blood within the ventricle; the mechanism of which it does so is unclear. Despite the tortuous course of the bulbus in the lungfish, the two streams are kept distinct in such a way that the oxygenated stream is directed toward the gill-less anterior arches and to the arteries of the head, whereas the deoxygenated blood is directed to the gillbearing posterior arches and to the lungs and Schematic representation of the possible pattern of distribution of gill flow in Protopterus in two different states, during estivation and during forced submersion. During estivation, preferential blood flow is through the upper three arches which supply the vessels to the head and to the lungs via the ductus. Flow through gill-bearing arches is reduced. During forced submersion blood flows predominantly through the gill-bearing arches and is reduced to the lungs. aorta. In this respect, the bulbus of the lungfish operates like the bulbus of Amphiuma (6) . But the precise mechanisms involved are unclear. The subsequent channeling of blood, to either the systemic or pulmonary circulation, is by way of a ductus-like structure in the vicinity of the confluence of efferent gill vessels ( Fig. 3) , which joins the aorta and the pulmonary artery on each side. Blood may either be sent predominantly to the systemic vessels as peripheral vascular resistance decreases or to the lungs as peripheral vascular resistance increases. Whether the ductus in the lungfish can, like the mammalian ductus, vary its vasomotor tone, thereby automatically adjusting flow through it, is unknown.
Distribution of Blood under Different Conditions.-The lungfish ordinarily lives in water, surfacing every 3 to 5 minutes for a breath of fresh air. When it estivates during a dry spell, it has to rely entirely on its lungs for breathing. In the laboratory it can survive entirely as a fish during prolonged submersion, probably as long as its metabolic activity is kept low. During both estivation and prolonged submersion the cardiac output is less than during ordinary conditions in the lake. Against this background, it is possible to speculate about the different patterns of the circulation which could obtain during estivation and prolonged submersion ( Fig. 16 ). Thus, during estivation, when the fish can breath only air, collapse of the gill filaments would be expected to reduce sharply the blood flow through the gills, thereby directing most of the blood to the upper gill-less arches (and to the cranial and coronary arteries). In effect, the lungfish would become predominantly a heart-lung-brain preparation whose survival would be abetted by its diminished metabolic activity (11) .
On the other hand, during prolonged submersion, as the oxygen content of the lungs gradually falls (CO 2 being eliminated meanwhile by the gills and skin), a decrease in pulmonary blood flow would be expected. Experiments in our laboratory (Lahiri, unpublished observations) have indicated that during forced submersion there is also a reduction in systemic blood flow, as evidenced by an increase in peripheral resistance and by an abrupt increase in arterial blood Pco L . and lactate immediately upon surfacing. Because of the absolute reduction in cardiac output, cranial and coronary blood flow would be reduced, but because of preferential vasoconstriction in the systemic and pulmonary circuits, the reduction would be less severe than in the pulmonary and systemic circulations.
The circulatory patterns described for estivation (obligatory air-breathing) and for prolonged submersion (obligatory waterbreathing) seem to represent the extremes of a wide spectrum. During natural conditions, as in Lake Victoria, when air-and waterbreathing alternate, the lungfish undoubtedly exploits this anatomical potential for using its circulation either in the way of a fish or primitive lung breather. When the waters dry up, it combines its capacity for decreasing metabolic activity with a preferential distribution of blood to the lungs. And, although the ingenious arrangements of the respiration and circulation seem primitive in many respects, they have made it possible for the lungfish to survive drought and flood, virtually unchanged, for approximately 300 million years.
